The key process giving rise to ventral furrow formation (VFF) in the Drosophila embryo 14 is apical (outer side) constriction of cells in the ventral region. A combined effect of the cellular 15 constrictions is a negative spontaneous curvature of the cell layer, which buckles inwards. In our 16 recent paper [Gao et al. (2016). J Phys Condens Matter, 28(41), 414021] we showed that the cell 17 constrictions in the initial phase of VFF produce well-defined cellular constriction chain (CCC) 18 patterns, and we argued that CCC formation is a signature of mechanical signaling that coordinates 19 apical constrictions through tensile stress. In the present study, we provide a statistical comparison 20 between our active granular fluid (AGF) model and time lapses of live embryos. We also 21 demonstrate that CCCs can penetrate regions of reduced constriction probability, and we argue 22 that CCC formation increases robustness of VFF to spatial variation of cell contractility. 23 24 128 determine the essential features of the geometry of constriction patterns without considering 129 complexities of temporal aspects of constrictions of individual cells. 130 The AGF model predicts that tensile-stress feedback between constricting cells re-131 sults in formation of CCCs 132 Description of the AGF model 133 6 of 28
Introduction

25
Previous research efforts to understand morphogenesis have primarily focused on the identification 26 of genetic information and biochemical signals involved in formation of embryonic architecture. 27 In recent years, however, there has emerged compelling evidence that cell communication via 28 mechanical forces is crucial in orchestrating morphogenetic processes (Mammoto and Ingber, 29 2010; Zhang and Labouesse, 2012; Miller and Davidson, 2013; Chanet and Martin, 2014; Heer and 30 Martin, 2017; Hunter and Fernandez-Gonzalez, 2017; Gilmour et al., 2017; Ladoux and Mége, 2017) . 31 In Drosophila gastrulation, mechanical signaling has been shown to be a triggering mechanism for 32 morphogenetic events (Farge, 2003; Brouzés and Farge, 2004; Pouille et al., 2009; Mitrossilis et al., 33 2017; Weng and Wieschaus, 2016) , and mechanical feedback to be a factor in the coordination of 34 cellular activities in mesoderm primordium (Gao et al., 2016) . Mechanical feedback is also involved 35 in remodeling subcellular components such as adherens junctions (Weng and Wieschaus, 2016) 36 and the supracellular actomyosin meshwork (Chanet et al., 2017) . 37 To elucidate the role of mechanical forces and mechanical feedback in embryonic development, (bar-circle) , where the bar represents the direction and length of the major cell axis, and the size of the circle is proportional to the cell area. Color saturation indicates the degree of constriction, measured by the reduction of the cells minor axis length relative to the reference value (as defined in Equation 1 and indicated by the color bar). Tracked cells are indicated by the dots. In A, B embryos were heat-methanol fixed, stained with Hoeschst (blue), antibodies to Neurotactin (green), and antibodies to Zipper (myosin heavy chain, red);the images were acquired by confocal microscopy.
we have recently analyzed the dynamics of the apical constriction process during the earliest stage 39 of ventral furrow formation (VFF) in the Drosophila embryo (Gao et al., 2016) . During this process, 40 the apical (outer) sides of cells in the ventral region constrict, producing negative spontaneous 41 curvature of the cell layer. Subsequently, the layer buckles inwards as the result of the constriction- 42 induced bending stresses (see Figure 1 for relevant details of Drosophila gastrulation). 43 Our study (Gao et al., 2016) showed that cell constrictions during the initial slow phase of VFF are 44 not random uncorrelated events as previously assumed (Sweeton et al., 1991) . Instead, constricted 45 cell apices form well-defined correlated structures which we termed cellular constriction chains 46 (CCCs). Formation of CCCs (see the highlighted cells in Figure 1C, Figure 2 and Figure 3 ) implies 47 the existence of strong spatial and directional correlations between the constriction events. Xie 48 and Martin (2015) also published evidence that pulsed apical constrictions were not random but 49 correlated with neighboring cells. 50 Based on a qualitative analysis of geometrical patterns of CCCs, we proposed (Gao et al., 2016 ) 51 that CCCs originate from communication between cells via mechanical feedback. To explain this 52 mechanism of CCC formation we have developed a theoretical active granular fluid (AGF) model of 53 the apical surface of the cell monolayer. In this model, the cells (more specifically, their mechanically 54 active apical ends) are treated as mechanically sensitive interacting particles undergoing a stochastic 55 constriction process. The model predicts that if cells react to tensile stress by increasing apical-56 constriction probability, the constricted cells tend to form chain-like structures similar to CCCs 57 observed in vivo. 58 In the present paper, we use the AGF model and live embryo data to quantitatively analyze 59 constriction patterns observed in mesoderm primordium in Drosophila embryos. Our aim is twofold. 60 First, we determine statistical features of constricted-cell clusters that can quantitatively distinguish 61 between purely random uncorrelated constriction patterns and those resulting from constrictions 62 correlated by tensile stress. These statistical characteristics, identified using the AGF model, are 63 applied to live embryo data, providing a clear indication that tensile mechanical feedback is an 64 important controlling factor involved in the initial slow phase of apical constrictions during VFF. 65 2 of 28 Second, to shed light on the biological function of mechanical feedback between constricting 66 cells, we investigate the cellular constriction process in systems with zones of reduced cell capability 67 to constrict. Our AGF simulations demonstrate that coordination of apical constrictions by tensile 68 stress allows CCCs to penetrate or bypass regions of reduced constriction probability, thus rescuing 69 the constriction process. An analysis of constriction patterns in live embryos in which contractile 70 force transmission has locally been reduced using optogenetic techniques (Guglielmi et al., 2015) 71 is consistent with our theoretical findings. We thus conclude that mechanical feedback and the 72 associated formation of CCCs aid robustness of the VFF process in the presence of environmental 73 or genetic fluctuations. and Ephrussi, 2001; Huynh and St Johnston, 2004; van Eeden and St Johnston, 1999) . 83 Here we focus on VFF, the earliest morphogenetic movement in Drosophila gastrulation. The VFF 84 process is driven by apical constrictions of cells in the mesoderm primordium, i.e., the band of cells 85 in the ventral region of the embryo that will subsequently undergo epithelial invagination (see the 86 schematic shown in Figure 4A ). These cells are capable of mechanical activity due to expression of 87 regulatory genes twist and snail (Leptin and Grunewald, 1990; Leptin, 1991; Ip et al., 1994; Seher 88 et al., 2007; Martin et al., 2009; Pouille et al., 2009) . Our study addresses the question whether, 89 beyond genetic regulation, the mesoderm primordium cells communicate via mechanical feedback 90 to coordinate their activities during the VFF process. 91 As illustrated in Figure 1B (1)
74
Results
75
Confocal images of the ventral surface of live Spider-GFP embryos show CCCs emerg-
Riechmann
Here is the MAL of a given cell, and ref is its reference value established for each individual cell by 107 averaging over twenty sequential frames before constrictions begin. In Figure 1 , except that the colors indicate the number of cells, interconnected via shared neighbors, belonging to a single constricted-cell cluster. Cells initially constrict alone, forming singlets; however, they quickly begin to develop elongated chain-like structures, i.e., CCCs. The CCCs grow rapidly and interconnect, eventually forming a network that percolates across the mesoderm primordium along the anteroposterior axis. Many of the marked cells remain constricted across multiple frames, indicating that they are undergoing ratcheted constrictions (Xie and Martin, 2015); however, some unratcheted constrictions can also be seen. Processed confocal microscopy images of the apical constriction phase of VFF in a single Spider-GFP embryo that have been processed with different MAL reduction threshold values ( c ) for constricted cell identification. Time zero selected as the first frame with c = 0.65 that has a constricted cell that persists across multiple frames. The symbol convention is the same as the one used in Figure 2 . Double headed arrows identify frames where CCC development is relatively similar between a stronger c and a weaker c at an earlier time.
Varying c does not change the form of the CCCs that are observed and instead shows their different stages of development. 
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Here is the characteristic energy scale, is the separation between particles and , = 1 2 ( + ) 152 is their average diameter, Θ( ) is the Heaviside step function, and the attractive potential To describe a stress-correlated stochastic constriction process, we perform a sequence of simulation 172 steps in which each active particle can constrict with the stress-dependent probability ( ), where 173 is the feedback parameter associated with tensile forces acting on the particle. The constrictions 174 are followed by mechanical relaxation of the medium to ensure that the process is quasistatic and 175 therefore governed by the equilibrium stress distribution. 176 In our numerical model, the feedback parameter is given in terms of the triggering stress exerted on the particle by its surrounding cells,
The Heaviside step function Θ in the feedback parameter defined by Equation 4 selects the tensile-179 stress domain > 0, and is the stress-sensitivity profile parameter. As in our previous study (Gao 
where a is the current number of unconstricted active particles, introduced to ensure that approx-185 imately the same number of particles constrict in each simulation step. The coupling constant ≥ 0 186 determines the responsiveness of cellular constrictions to the stress feedback parameter , with 187 = 0 corresponding to the stress insensitive (SI) case, and → ∞ describing a system where tensile 188 stress is required for constrictions. Throughout this paper we will use = 10 4 in our simulations of 189 tensile-stress sensitive (TSS) systems; this value of corresponds to a strong stress coupling. The 190 parameter > 0 determines the overall magnitude of the constriction probability of a given cell. In 191 our simulations, we generally consider = 1 (the same value for all cells); however, is different 192 for cells in different regions of mesoderm primordium in our robustness tests. 193 The effect of mechanical feedback on constriction patterns The simulation frames presented in Figure 5 indicate that the constricted cells in the TSS system 202 form chains of constricted particles, similar to CCCs observed in vivo (see Figure 2) . In contrast to 203 this morphology, constricted particles in the random SI case form a combination of small clumps 204 and short chains. We note that at the 40% fraction of constricted cells, the chains in the TSS case 205 organize into a percolating network, which is formed by interconnecting shorter chains that are 206 present at the earlier stages of the process. 207 The physical reason for the formation and growth of CCCs in the TSS system was discussed in our 208 previous study (Gao et al., 2016) , where it was indicated that chains of constricted cells inherently 209 produce tensile stresses in cells close to the ends of the chain. It follows that particles close to 210 the chain ends are more likely to constrict, which results in chain length increase and stimulates 211 expansion of the chain-like microstructure. We will further discuss CCC formation mechanisms in 212 the sections on the stress field and robustness of VFF.
213
Size distribution of CCCs observed in vivo is consistent with theoretical predictions 214 for a system with tensile-stress feedback 215 The geometric similarity between the CCCs observed in vivo and those predicted by the theoretical 216 AGF model provides strong (though indirect) evidence that mechanical feedback via tensile forces 217 coordinates apical constrictions. To give further corroboration for our conclusion, we now quanti- The AGF simulations show that the normalized number of clusters avg is lower by more than 246 factor of two in the TSS case; the number of singlets is also significantly reduced as compared 247 to the SI system. The behavior of the fraction of particles in doublets is more subtle. In the SI 248 case, the number of doublets increases for % c ≲ 0.1, then flattens out, and gradually decreases. 249 The decay stems from the fact that the doublets are removed from the population by growth into 250 larger clusters due to random constrictions of the neighbors. In the TSS case we observe a similar 251 behavior, but the initial spike and the subsequent decrease of the fraction of doublets are much 252 more pronounced because of the constriction correlations introduced by the stress feedback. The 253 effect of the stress-induced correlations is also seen in the large fraction of particles in multiplets in 254 the TSS case. 255 A comparison between experimental data and the theory 256 We now turn to the distribution of clusters of constricted cells in live embryos. We focus on clusters 257 identified using the benchmark MAL reduction cutoff value c = 0.65. Our principal observation is 258 that the experimental data (depicted in Figure 6A and Figure 7 by black circles) are consistent with 259 the theoretical predictions for the TSS system but not with those for the uncorrelated SI system. 260 This clear trend is consistently seen for all quantities considered, i.e., for the normalized number 261 of clusters (Figure 6A ) and the distribution of singlets, doublets, and multiplets (Figure 7) . We find 262 that the experimental results agree, within the statistical inaccuracies, with the theoretical results 263 for the TSS system. Moreover, the experimental data consistently differ from the results for the SI 264 system considerably more than by the standard deviation represented by error bars. 265 The essential qualitative features of the cluster distribution predicted theoretically for the tensile-266 10 of 28 stress correlated constrictions are markedly present in the experimental curves. In particular, the 267 fraction of singlets quickly decays when the constriction process progresses; the initial rapid 268 growth of the population of doublets is followed by a decrease to nearly zero; and a large fraction 269 of constricted cells form multiplets. Thus our results not only show that apical constrictions 270 are spatially correlated but also provide evidence that these correlations are a consequence of 271 mechanical feedback via tensile stress. 272 While the overall agreement between the theory and experiments is quite compelling, there is a 273 discernible discrepancy at the beginning of the constriction process. Namely, for the constricted-cell Black lines in the direction of the major-stress axis are drawn for cells with the major stress stronger than the average during each snapshot. Linear arrangements of red particles with aligned major stress axis indicate that in both TSS and SI systems the stress propagates along stress chains. In the TSS system these chains are precursors of CCCs, which eventually carry most of the tensile stress in the active region. , 2015) . 322 The progression of the constriction process depicted in the subsequent frames of Figure 8A in the orange regions. The results are depicted for both TSS and SI constrictions to highlight the 365 differences in the system development with and without the stress feedback. 366 We start our discussion with the observation that the constriction patterns and stress distribu-367 tion in the unaffected regions are similar to those in a uniform system with a similar fraction of 368 constricted cells (see the results depicted in Figure 8 and Figure 10) . We thus focus our analysis on 369 the disrupted regions, i.e., the regions with the reduced constriction probability amplitude <1. 370 The examination of the affected regions between the two vertical lines in Figure 10A and 371 Figure 10B shows a striking difference between the uncorrelated SI system and the TSS system 372 with mechanical feedback. In the purely random SI case the fraction of constricted cells in the 373 affected band is reduced by a factor that is commensurate with the imposed decrease in the 374 constriction probability. For example, in the SI system with 80% reduction there are only a few 
where % a c and % u c denote the fraction of active cells that constricted in the affected and unaf-384 fected regions, respectively. According to the above definition, au = 1 occurs if the affected region 385 recovers to the normal behavior.
386
The constriction-reduction factor au is shown in Figure 10C vs the fraction of constricted cells 387 % c for the systems depicted in Figure 10A and Figure 10B . We find that au is consistently higher 388 for TSS constrictions (purple triangles) than the corresponding quantity for SI constrictions (pink 389 stars). Moreover, due to the presence of tensile feedback, the constriction-reduction factor au in 390 the TSS case is close to one at % c = 0.4, even for the 80% probability reduction. This result implies 391 that tensile-stress feedback produces nearly full constriction recovery at the development stage 392 corresponding to the onset of the fast VFF phase in vivo. 393 The rescue mechanism 394 The mechanism by which tensile-stress feedback rescues apical constrictions in the disrupted zone 395 is illustrated in Figure 11 . The left panel shows that constrictions, which initially occur with higher 396 frequency in the unaffected domain, cause gradual buildup of tensile stress chains in the affected 397 region. Thus, due to the mechanical feedback represented in Equation 6 by the parameter , the 398 constriction probability is elevated for the affected cells under tension. 399 Hence, CCCs penetrate the affected zone along the tensile stress chain, as depicted in the 400 right panel of Figure 11 , rescuing the constriction process. The above analysis clearly indicates 401 that the mechanical feedback may offer robustness of VFF by providing a mechanism to even out 402 irregularities of the pattern of constrictions. Since the constricted cells carry most of the tensile 403 stress, consistent constriction pattern along the furrow facilitates coherent invagination. The depicted simulation frames indicate that CCCs promote recovery of a balanced constriction 411 pattern in two ways, depending on how strongly the affected region is perturbed. At the moderate 412 probability reduction, the prevailing recovery mechanism is the penetration of CCCs into the affected 413 region after the stress chains build up. This mechanism is the same as the one described for a band Figure 8 , with the addition of cells outlined in green to represent active cells with the reduced constriction probability in the affected area between the two dashed lines. The graphs show two different measures of recovery: the constriction-reduction factor au for the affected elliptical region and the corresponding factor̄ au for the band of cells that includes the affected region and the active cells below and above it (i.e., the entire area between the dashed green vertical lines). The constriction-reduction factors are plotted both for the simulations shown in the depicted frames and for the corresponding SI system with no feedback. For 40% reduction of the probability, A, the TSS system undergoes constriction recovery by penetration of CCCs into the affected ellipsoidal region; for 100% reduction, B, the recovery occurs by CCCs wrapping around the affected ellipse. cells cannot constrict. In this case we observe that CCCs wrap around the affected ellipse instead of developed an optogenetic approach to locally affect the ability of cells to contract during VFF in the 439 Drosophila embryo. Specifically, they targeted PI(4,5)P2 to rapidly deplete actin from the embryonic 440 cell cortex and therefore to reduce actomyosin contractility in a photo-activated region. did not prevent the ventral-furrow invagination, although there is a clear defect in the furrow 450 morphology seen in Figure 13L . For higher levels of the laser power 1.5 mW (Figure 13E-H) and 451 3.0 mW (Figure 13A-D) there was no transition to the fast phase of VFF and the embryo failed to 452 invaginate. 453 An analysis of constriction patterns at different photo-activation levels 454 19 of 28
Weak photo-activation 455 The images shown in Figure 13J and K for the lowest level of the optogenetic activation (0.7 mW 456 laser power) reveal constriction chains crossing the affected region of reduced cell contractility (in 457 the middle part of the frame). While the contrast of the images is insufficient for a quantitative 458 comparison, the fraction of constricted cells in the unaffected and optogenetically affected regions 459 appear to be approximately the same, consistent with our theoretical predictions for the rescue of 460 the constriction process in the TSS system. 461 Moderate photo activation 462 A similar conclusion can be drawn from an analysis of the images of the embryo illuminated with a 463 moderate power 1.5 mW laser beam. In addition to a visual inspection, we performed a quantitative 464 analysis of experimental data in this case, using high-contrast images that are available for the final 465 state of the constriction process (see the example shown in Figure 13H) . 466 An examination of unprocessed images shown in Figure 13G and H as well as an analysis of the 467 processed image depicted in the top panel of Figure 14A indicate that CCCs penetrate the affected 468 region. This conclusion is quantitatively supported by the corresponding plot of the local fraction of 469 constricted cells presented in Figure 14B . The results do not show any deficit of constricted cells in 470 the affected domain, in spite of a significant disruption of the ability of cells to constrict. We recall 471 that our simulations depicted in Figure 10 predict a substantial recovery of constrictions even at 472 80% reduction of the constriction probability; thus a strong recovery of the fraction of constricted 473 cells can be expected. 474 The relatively consistent behavior across 1.5 mW embryos (i.e. affected and unaffected regions 475 behaving similarly) was recognized by Guglielmi et al. (2015) and attributed to the fact that some 476 cells within the affected area retained the capability to contract while others did not. We provide 477 here a specific interpretation of this behavior in terms of mechanical feedback, which rescues the 478 ability to constrict in cells that are subject to elevated tensile stress. 479 We also note that, according to Figure 14B , the fraction of constricted cells, avg , in the analyzed 480 frames is larger than 40%. This is because the transition to the second fast phase of VFF has not 481 occurred, and apical constrictions continued beyond the usual 40% slow-to-fast-phase transition 482 threshold. Progression of the slow phase of constrictions beyond the time at which invagination 483 usually takes place (compare the results for 0.7 mW and 1.5 mW power in Figure 14 ) is likely to 484 be responsible for strong bidispersity of cell sizes seen in Figure 13H . Namely, the cells in already 485 formed CCCs continued to constrict, causing the others to expand. A similar behavior can be seen 486 in images of embryos with delayed or failed VFF due to injection of Rho kinase inhibitor (Krajcovic 487 and Minden, 2012). 488 Strong photo activation 489 We now discuss constriction patterns at the highest illumination level. The results depicted in In the formation of the Drosophila ventral furrow (VF), a field of cells, specified by the dorsoventral 509 patterning system to be the mesoderm primordium (Leptin, 1999) , initiate a multi-step morphologi-510 cal change by flattening their apices (Leptin and Grunewald, 1990; Sweeton et al., 1991) . The apical 511 actomyosin cytoskeleton undergoes contractile pulses of three varieties: unconstricting, unratch-512 etted constricting and ratchetted constricting pulses (Martin et al., 2009; Xie and Martin, 2015) . 513 The ratchetted pulses result in progressive apical constriction of particular VF primordial cells (Xie 514 and Martin, 2015). Originally thought to be stochastic in nature (Sweeton et al., 1991) , it was later 515 found that these constrictions were not stochastic and that a cell that had undergone ratchetted 516 apical constrictions, and its neighbors, were more likely to undergo ratchetted constrictions than 517 non-neighboring cells (Xie and Martin, 2015) . 518 Our recent work showed that non-stochastic apical constrictions occur at a higher order of 519 organization than neighboring cells. We observed that apical constrictions appeared to form a 520 roughly linear pattern oriented along the anterior-posterior axis shortly before the transition to (Gao et al., 2016) . Evidence of tensile stress 526 along the anterior-posterior axis of the VF primordium was shown using laser cutting experiments 527 (Martin et al., 2010) , and was supported by our earlier modeling efforts (Gao et al., 2016) . 528 Here, we extend the preliminary observations and results in a statistical comparison between . 545 We find that the pattern of ratchetted apical constrictions follow the predictions of the AGF 546 model: cells undergo apical constrictions along tensile stress lines oriented along the anteroposte-547 rior axis rather than a purely nearest neighbor mechanical interaction (Figure 15) . These results 548 suggest that the ratchetted apical constrictions of the slow phase of VFF are part of a higher order 549 of organization spanning the entire VF primordium rather than a cellular constriction system based 550 on initial seeds of constriction that initiate nearest neighbor constriction interactions. Our theoretical studies showed that tensile stress through the mesoderm primordium at the 552 end of the slow apical constriction phase is primarily carried by the network of CCCs. Moreover, the 553 regions of unconstricted cells between CCCs generally form areas of low stress (as shown by the 554 stress distribution depicted in Figure 8 ). We expect that the reduced cellular stress is conducive for 555 the later Fog and T48 signaling-mediated rapid constriction of the VF placode preceding invagination. 556 It is possible that the unconstricted cells in the low stress pockets are able to constrict with less 557 resistance and at a lower energy cost, as compared with one in an uncorrelated system with no 558 mechanical feedback. Further support for our contention that tensile stress is oriented along the 559 CCCs comes from the observation that CCCs can still propagate across VF primordium regions of 560 experimentally reduced actomyosin contractility in accordance with the predictions of our model. 561 It is likely that the formation of a network of CCCs carrying strong tensile stress oriented along 562 the anterior-posterior axis provides a useful mechanical coupling between different sections of the 563 forming furrow. We anticipate that such a coupling is essential for achieving a uniform invagination 564 when the cell layer buckles inwards, because distortions that may form along the furrow are evened 565 out by the forces associated with the tensile stress. This mechanism is analogous to the one by 566 which a deformed ribbon is straightened out when pulled by its ends. We further propose that 567 mechanical feedback serves to increase robustness of the apical constriction process involved in 568 22 of 28
